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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

F U L L - S C m  W I N D - " X E L  TESTS OF A SWEPT-WING ALRPLARE 

WITH A CASCADE-TYPE THRUST REVERSER 

By Mark W. Kelly, Richard K. G r e i f  , 
and W i l l i a m  H. T o l h u r s t ,  Jr. 

SUMMARY 

This report  presents r e s u l t s  of a fu l l - s ca l e  wind-tunnel invest igat ion 
of an F-100F airplane equipped with a cascade-type t h r u s t  reverser.  The 
purpose of t h i s  invest igat ion w a s  t o  develop a th rus t  reverser  s a t i s f ac -  
t o ry  f o r  use during the  landing approach. 

c 
Longitudinal and la te ra l -d i rec t iona l  s t a b i l i t y  and control  da ta  are 

presented f o r  a number of r e ~ e r s e r  cs r i f igaa i ions .  
r a t ion  w a s  achieved which ha6 only mild e f f ec t s  on the  s t a b i l i t y  and 
cont ro l  of the airplane,  and which i s  believed t o  be sa t i s f ac to ry  f o r  
f l i g h t  research work. 

A reverser  configu- 

DYTRODUCTION 

The purpose of t h i s  invest igat ion w a s  t o  develop a t h r u s t  reverser  
f o r  an F-100F airplane t h a t  would provide precise  f l i g h t  path control  
during s t eep  landing approaches (up t o  16'). Previous research ( r e f s .  1 
and 2, f o r  example) showed t h a t  t h rus t  reverser  i n s t a l l a t ions  on s ingle-  
engine airplanes may cause large changes i n  s t a b i l i t y  and cont ro l  charac- 
t e r i s t i c s ,  pa r t i cu la r ly  when the reverser exhaust gases a re  near aero- 
dynamic surfaces.  However, there  w a s  not su f f i c i en t  information ava i l -  
able t o  allow the  design of a reverser configuration which would have 
l i t t l e  or no e f f e c t s  on airplane s t a b i l i t y  and control.  Therefore, t h e  
reverser  w a s  designed i n  such a manner t h a t  the exhaust flow d i rec t ions  
and pat terns  could be adjusted t o  provide the  minimum e f f e c t  on t h e  
s t a b i l i t y  and control  of the F-100F airplane.  

This report  presents longi tudinal  and l a t e ra l -d i r ec t iona l  s t a b i l i t y  
and cont ro l  da ta  f o r  several  reverser  configurations. 

t 
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NOTATION 

wing span, f t  

wing chord, f t  

mean aerodynamic chord 

drag 
drag coef f ic ien t  , - %os 

'Dengine on - 'Dengine off 

f t  

l i f t  l i f t  coef f ic ien t ,  - 
%us 

r o l l i n g  moment ro l l i ng  -moment coef f ic ien t  , 
q C c F  

i tching moment pitching-moment coef f ic ien t ,  p 
qooST 

CQngine on - Cmerigine off 

yawing-moment coef f ic ien t ,  2 awing moment 

%bS 

side force side-force coef f ic ien t ,  
%S 

gross th rus t  from engine, l b  

ne t  t h r u s t  f r o m  engine, l b  

accelerat ion of gravi ty ,  32.2 f t / s ec2  

percent of engine ra ted  rpm 

engine turbine discharge t o t a l  pressure, inches of mercury, absolute 

free-stream s t a t i c  pressure, inches of mercury, absolute 

free-stream dynamic pressure,  psf 

wing area,  sq f t  

A 



c 

J' 
We 

a angle of a t tack,  deg 

weight r a t e  of a i r  f l o w  through engine, lb/sec 

thrust reverser  door posi t ion,  0 percent f o r  f u l l  forward th rus t  
posit ion,  100 percent f o r  f u l l  reverse th rus t  posi t ion 

angle of incidence of horizontal  s t a b i l i z e r ,  deg 

S, rudder def lect ion,  deg 

4f angle of yaw, deg 

A 
3 
4 Subscript 

4 
U uncorrected 

A drzwing of the t es t  a i rplane i s  presented i n  f igure  1, and figure 2 
is  a photograph of the airplane ins ta l led  i n  the  wind tunnel. 

Details  of the  th rus t  reverser  are shown i n  f igures  3(a), (b ) ,  and 
( c ) .  
plane w a s  removed, and the  jet  engine t a i l  pipe w a s  ducted in to  the 
reverser  assembly. The blocker doors a t  t h e  rear end of the reverser  
could be s e t  at  any posi t ion from full open t o  f u l l  closed, thereby 
providing a continuous var ia t ion  of thrust  from f u l l  forward t o  f u l l  
reverse. 
around t h e  reverser  center l i ne ,  but were b u i l t  so t h a t  both the  locations 
and s izes  of the port  openings could be changed. The various configu- 
ra t ions  used i n  these tes ts  are  shown in figure 4. The reverser  w a s  a l so  
equipped with various sets of turning vanes which made it possible t o  
adjust  t he  d i rec t ion  of the  exhaust gases. As indicated i n  f igure  4,  the 
turning vanes used f o r  most of t he  tests w e r e  set at  angles which pro- 
gressed from 65' at the  f ron t  port of the  reverser  t o  41' a t  the  r ea r  port .  

For the  i n s t a l l a t i o n  the  afterburner ord inar i ly  used on the  a i r -  

The reverser  exhaust port  areas were arranged symmetrically 

The most severe operating conditions insofar  as th rus t  reverser  
e f f ec t s  on s t a b i l i t y  and control  are  concerned were ant ic ipated t o  occur 
under conditions of low f l i g h t  speed and maximum reverse th rus t .  There- 
fore ,  it would have been desirable  t o  make these tests at  t h e  landing- 
approach speed of the  airplane (V, = 145 knots, s, = 71 ps f )  with the  
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engine at  mi l i t a ry  power ( p t  = 56 inches of mercury, absolute) and with 

i imiiatiofis oii bath the  reverser  and the  wind tunnel  prevented operation 
at these conditions, and the  tests w e r e  run at reduced values of engine 
power and free-stream veloci ty .  However, the  invest igat ion reported i n  
reference 1 indicated t h a t  the  aerodynamic charac te r i s t ics  of the  airplane 
would be t h e  same at  the  reduced speeds and power se t t i ngs  as they would 
be a t  ful l -scale  conditions, provided the reverse t h r u s t  coef f ic ien t ,  
FG/GS, w a s  duplicated. 
a i r  velocity w a s  125 knots (Q = 53 ps f )  and the  engine w a s  set t o  main- 
t a i n  a turbine discharge pressure of 50 inches of mercury, absolute,  
which produced a reversed gross thrus t  of about 1800 pounds. These con- 
d i t ions  provided a value of approximately equal t o  t h a t  f o r  the 
airplane f ly ing  a t  145 knots airspeed, with mi l i t a ry  power and the  
reverser set f o r  f u l l  reverse. Some t e s t s  were made a t  a free-stream 
dynamic pressure of 30 pounds per square foot  and a turbine discharge 
pressure of 38 inches of mercury, absolute,  and one run w a s  made a t  a 
free-stream dynamic pressure of 67 psf and a turbine discharge pressure 
of 35 inches of mercury, absolute. The data f romthese  t e s t s  provide 
addi t ional  information with which t o  check the  v a l i d i t y  of the  scal ing 
procedure outlined above. 

the  reverser set  i n  the ful l - reverse- thrust  posit ion.  Unfortunately, t. 

For the  majority of the t e s t s  the wind-tunnel 

Fc/%S 

1. 

.. 
The t e s t s  were made over an angle-of-attack range from 0' t o  21' and 

over an  angle-of-yaw range from -8' t o  +loo. 
various s t a b i l i z e r  and rudder def lect ions t o  e s t ab l i sh  e f f ec t s  of t h rus t  
reversal  on longi tudinal  and d i r ec t iona l  control.  Some reverser  config- 
u r a t i o n s  were t e s t ed  with the  reverser door a t  various se t t i ngs  between 
Full forward and f u l l  reverse th rus t .  The reverser  door se t t i ngs  are  
specified throughout t h i s  report  i n  terms of percent of reverser  door 
actuator t rave l .  The ac tua l  door posi t ion as a function of actuator  
t r a v e l  i s  shown i n  f igure  5 .  

Tests were a l so  made with 

All t he  da ta  presented herein were obtained with the  airplane i n  the 
landing configuration (gear down and f l aps  def lected 45'). 

CORRECTIONS 

The following corrections f o r  wind-tunnel-wall e f f ec t s  w e r e  made: 

a = a, + 0.803 cL 
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RESULTS A.ND DISCUSSION 

S t  at i c  Thrust Character i s  t i c  s 

A 
3 
4 
4 

The gross th rus t  of t he  reverser as a function of engine turbine 
discharge pressure f o r  various reverser door se t t i ngs  i s  shown i n  f i g -  
ure 6. 
t i ons  (i.e.,  V, = 0) because of excessive heating of the wind-tunnel 
struts and f a i r ings  by the  reverser  exhaust. Therefore, the  gross th rus t  
da ta  presented i n  f igure  6 were obtained from t e s t s  made at forward speed 
and have been corrected f o r  the airplane drag and engine ram drag. The 
r e l i a b i l i t y  of the  corrections may be estimated by comparing the  data 
shown f o r  While the  
magnitude of reverse th rus t  shown i n  figure 6 i s  not large,  it is  suffi- 
c i en t  t o  accomplish the design objective of preventing air-speed increases 
on s teep  landing approaches. 

It w a s  not possible t o  obtain these data  a t  t r u l y  s t a t i c  condi- 

s, = 10 psf with t h a t  obtained a t  s, = 53 psf.  

c 

Effects  of Thrust Reverser on Aerodynamic Characteristics 

Basic data  f o r  the  airplane with the  t h r u s t  reverser i n s t a l l ed  and 
set f o r  f u l l  forward th rus t  are presented i n  f igures  7, 8, and 9. 

The e f f ec t s  of reversed th rus t  on the  longi tudinal  aerodynamic 
charac te r i s t ics  of the airplane are shown i n  f igure  10 f o r  reverser con- 
f igura t ion  r1. 
th rus t  reversa l  with t h i s  configuration. It should be noted t h a t  da ta  
are shown i n  f igure  10 f o r  
corresponding engine turbine discharge pressures, pt, of 35 and 34 inches 
of mercury, absolute. These conditions provide approximately equal values 
of t h rus t  coef f ic ien t ,  and the close correlat ion shown i n  f igure  10 f o r  
these two sets of da ta  indicates that fu l l - s ca l e  conditions were closely 
simulated i n  the  tests made at reduced ve loc i t i e s  and engine powers. 

A large nose-up pitching moment w a s  found t o  r e s u l t  from 

s, of 67 and 53 pounds per square foot ,  with 

The e f f ec t s  of reversed thrus t  on t he  l a t e ra l -d i r ec t iona l  character-  
i s t i c s  of the airplane are  shown in  figure 11 f o r  reverser  configura- 
t i o n  rl. Examination of t he  p lo t  of Cn vs. $ indicates t h a t  a s ig -  
n i f i can t  l o s s  i n  d i r ec t iona l  s t a b i l i t y  accompanied the  use of the  t h r u s t  
reverser.  

The preceding r e s u l t s  indicated tha t  t o  eliminate the nose-up 
pitching moment accompanying the use of the  reverser  the  s i z e  of the  
upper exhaust ports of the reverser should be decreased while t h a t  of t he  
lower port  should be increased. Since the  d i r ec t iona l  s t a b i l i t y  da ta  
indicated t h a t  the  reverser had a deleterious e f f e c t  on the  flow around 
the  v e r t i c a l  f i n ,  the upper ports were a l so  moved downward away from the  
v e r t i c a l  f i n .  The resu l t ing  reverser configuration i s  shown i n  f igure  4 
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as r4. Operation of t h i s  reverser produced a nose-down increment t o  
Cm of about 0.06, which indicated t h a t  the  reverser  geometry changes 
were i n  tne Iiigiit d l rec t ion  b.;t tze large i n  mgnit.ude. The loss i n  
d i rec t iona l  s t a b i l i t y  which occurred with reverser  rl  did not occur 
with reverser r4. Tests made with various s t a b i l i z e r  def lect ions from 
Oo t o  -25' and w i t h  rudder deflections from 0' t o  -15' indicated t h a t  
operation of t he  r4 
on longitudinal or  d i rec t iona l  control.  

reverser  resul ted i n  e s sen t i a l ly  no adverse e f f ec t s  

In  order t o  reduce the  nose-down Cm obtained with reverser 
configuration 
a s e t  that  had a higher turning angle ( 0  = 40') t h a t  reduced the  v e r t i c a l  

r4, the turning vanes i n  the  bottom port  were replaced with 

th rus t  component. This is reverser configuration r5 shown i n  f igure  4. A 
It w a s  found t h a t  operation of t h i s  reverser  produced a nose-up Cm of 3 
about 0.06, and a l so  decreased d i rec t iona l  s t a b i l i t y  s ign i f icant ly .  The 4 
decrease i n  d i rec t iona l  s t a b i l i t y  w a s  qui te  surpr is ing since the  geometry 4 
of the  upper ports was iden t i ca l  t o  t h a t  of reverser  configuration 
which had no deleter ious e f f ec t  on d i r ec t iona l  s t a b i l i t y .  It is  reasoned 
that the  turning vanes with increased turning angle used i n  the  lower 
exhaust port  f o r  reverser 
with the r e s u l t  t h a t  the  momentum of the  exhaust gases from the  upper 
ports  was increased suf f ic ien t ly  t o  d i s t o r t  the  flow over the v e r t i c a l  
f i n .  

r4 

a 

r5 reduced the  e f fec t ive  area of t h a t  port ,  

. 

The preceding r e su l t s  indicated t h a t  the  changes made i n  going from 
reverser configuration r4 t o  r5 were too d r a s t i c ,  and therefore  the  
o r ig ina l  turning vanes were replaced i n  the lower port  of the reverser ,  
but  the  area of this port  w a s  decreased as shown i n  f igure  4 f o r  reverser  
configuration r6. 
longitudinal charac te r i s t ics  of the  airplane are  presented i n  f igures  12( a) 
through 1 2 ( f )  f o r  various reverser door posit ions.  
r e s u l t s  i s  presented i n  f igure l3 (a)  and s imi la r  da ta  obtained with 
reverser r4 are  presented i n  f igure  l3(b) .  For reverser  door se t t i ngs  
below 90 percent the  da ta  shown f o r  reverser  
same as those shown f o r  reverser r4. This s imi l a r i t y  indicates t h a t  the  
nose -up pitching moment increment a t  intermediate door se t t ings  could 
not be eliminated by avai lable  changes i n  reverser  geometry, and t h a t  
the  best that could be hoped f o r  w a s  t o  minimize the  sudden nose-down 
change in  pitching moment which occurred when the  reverser door posi t ion 
was  increased from 90 t o  100 percent. 

Data showing the  e f f e c t s  of t h i s  reverser on the 

A cross-plot of these 

r6 are  approximately the 

Analysis of engine data  indicated t h a t  there  w a s  a slight back 
pressure on t h e  engine with a l l  of t he  reverser  configurations tes ted .  
It was  therefore desired t o  tes t  a reverser  configuration having a la rger  
ex i t  area i n  the  hope t h a t  the  engine back pressure could be eliminated 
without ser iously compromising the  effectiveness of the reverser,  o r  i ts  
e f f ec t s  on the s t a b i l i t y  and control  of the  airplane.  The lower port  
w a s  already opened t o  i t s  maximum avai lable  area, so the  only recourse 
was t o  increase the  area of the  upper ports  as much as possible. The 
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A 
3 
4 
4 
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upper ports  were a l so  moved downward away from the  v e r t i c a l  as far as 
possible t o  reduce the  nose-down change i n  Cm which occurred f o r  door 
se t t i ngs  grea te r  than 90 percent, and a l so  t o  keep the  exhaust gases away 
from the  v e r t i c a l  f i n .  
ure 4 as reverser  configuration r7. Data showing the  e f f ec t s  of this 
thrus t  reverser on the  longi tudinal  aerodynamic charac te r i s t ics  of the  
airplane are  shown i n  f igure  14. The magnitude of the  pitching-moment 
increments due t o  the  th rus t  reverser is believed t o  be acceptable, a t  
l e a s t  f o r  a research a i r c r a f t .  The ef fec ts  of t he  r7 configuration on 
the  l a t e ra l -d i r ec t iona l  character is t ics  of the ai rplane are presented i n  
f igure  150 Unfortunately, progressive fat igue failures of t he  reverser  
made it impossible t o  complete the  la te ra l -d i rec t iona l  tests at high 
engine power se t t ings ,  and it was necessary t o  complete the  evaluation 
at reduced power se t t ings .  The free-stream dynamic pressure was  reduced 
a corresponding amount t o  give a thrus t  coef f ic ien t  approximately equal 
t o  t h a t  used previously. These data are  a l so  shown i n  f igure  17. Reason- 
ably good cor re la t ion  w a s  obtained between data  obtained at 
and 30 psf. 
unaffected by the  th rus t  reverser. A t  higher yaw angles a loss i n  d i rec-  
t i o n a l  s t a b i l i t y  i s  indicated. However, it is  believed t h a t  t#ho indicated 
l o s s  i n  d i rec t iona l  s t a b i l i t y  at  h i& angles of yaw w i l l  not ser iously 
a f f ec t  the f ly ing  qua l i t i e s  of the airplane. 

The resul t ing reverser geometry is  shown i n  f i g -  

s, of 53 
For yaw angles up t o  4O, d i rec t iona l  s t a b i l i t y  appeared 

SUMMARY OF IiESULTS 

The most important results of t h i s  invest igat ion are: 

1. Some of t he  th rus t  reverser configurations tested caused large 
changes i n  both longi tudinal  and d i rec t iona l  stabil i ty.  It w a s  not 
possible t o  predict ,  e i t h e r  analyt ical ly  o r  from avai lable  experimental 
data, a reverser Configuration which would eliminate these e f f e c t s ,  and 
the  reverser  configuration had t o  be modified by a t r ia l -and-error  process. 

2. It w a s  found that the  pitching moment due t o  thrust reverser  
operation was  strongly affected by the reverser  door posit ion.  For 
reverser  door settings up t o  90 percent closed, a nose-up pi tching moment 
accompanied reverser  operation f o r  all the  configurations tes ted .  With 
the reverser  doors set  f o r  100 percent reversed th rus t ,  it w a s  possible 
t o  a l ter  the  pitching moment due t o  the  reverser  over a wide range by 
var ia t ions  i n  reverser  exhaust por t  geometry. 

3. 
e f f ec t s  on s t a b i l i t y  and cont ro l  and which should be sa t i s f ac to ry  f o r  
f l i g h t  research use. 

A reverser  configuration was found which produced only m i l d  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif.,  Dec. 29, 1939 
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Figure 1. - General arrangement of t e s t  a i rplane 
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Figure 2.- Airplane instal led i n  ful l -scale  wind tunnel. 
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(a) Two -view drawing. 

Figure 3.- Details of thrust reverser. 
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Figure 15.- Variation of C z ,  C,, Cy, and Cn with Jr and 6, with t h r u s t  
reverser  operating; reverser configuration r7, 6, = 45O, S, = -loo, 
a = 10.6'. 
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